Serial analysis of electrically induced ventricular arrhythmias in a canine model of myocardial infarction  by Garan, Hasan et al.
lACC Vol. 5. No.5
May 1985:1095-106
EXPERIMENTAL STUDIES
Serial Analysis of Electrically Induced Ventricular Arrhythmias in a
Canine Model of Myocardial Infarction
HASAN GARAN, MD, JEREMY N. RUSKIN, MD, FACC, BRIAN McGOVERN, MB,
GAIL GRANT, BA
Boston, Massachusetts
1095
To determine the rate of induction, specificity and evo-
lution of electrically induced postmyocardial infarction
ventricular arrhythmias, 10dogs that underwent a sham
operation and 20 dogs with experimental transmural
apical myocardial infarction underwent serial closed chest
electrophysiologic studies with programmed ventricular
stimulation under light anesthesia 1, 2. 4 and 6 weeks
after the operation. The reproducibility of the electri-
cally induced ventricular arrhythmias was at a maxi-
mum when three extrastimuli were used during ven-
tricular pacing for induction. The reproducibility of the
arrhythmias was also a function of the age of the infarct.
Electrically induced sustained monomorphic ventricular
tachycardia, observed in 45 to 50% of the animals, was
a highly specific postinfarction finding (0% specificity in
control animals, regardless of the mode or timing of
Previous studies (1,2) have shown that the presence of ven-
tricular tachycardia inducible by programmed cardiac stim-
ulation performed during the early phase of acute myocardial
infarction may be used as a predictor of late sudden death.
This observation, however, has not been universal. and
other investigators (3) have not found postinfarction pro-
grammed cardiac stimulation to be an important predictor
of future ventricular arrhythmias. Two important issues re-
garding the interpretation of the responses to programmed
cardiac stimulation after myocardial infarction have not been
resolved. I) Postinfarction histopathologic changes that take
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programmed cardiac stimulation), whereas nonsus-
tained polymorphic ventricular tachycardia was not. The
specificityof induced ventricular fibrillation was a func-
tion of the mode and timing of programmed stimulation.
The rate of induction of the electrically induced ven-
tricular arrhythmias did not change significantly during
the 6 week period after myocardial infarction.
A large infarct size (determined by postmortem ex-
amination) and a low left ventricular ejection fraction
(determined during premortem cardiac catheterization)
were the only variables identified that predisposed the
animals to electrically induced sustained monomorphic
ventricular tachycardia. These factors, however, did not
correlate with the presence of electrically induced ven-
tricular fibrillation or nonsustained ventricular
tachycardia.
(J Am Coli CardioI1985;5:1095-106)
several weeks before final resolution (4,5) may be associated
with a corresponding flux in electrophysiologic variables
and the optimal time for performing the programmed cardiac
stimulation during this period is not known. 2) The modes
of programmed cardiac stimulation that maximize the spec-
ificity and reproducibility of the inducible postmyocardial
infarction arrhythmias have not been defined. To date, none
of the studies using animal models (6-14) has included serial
electrophysiologic studies performed weekly after myo-
cardial infarction in order to address these issues.
A canine model of late experimental myocardial infarc-
tion, created by open chest surgery with coronary artery
ligation, was developed in our laboratory. In animals with
postmyocardial infarction and in control dogs that under-
went a sham operation. we studied the ventricular arrhyth-
mias induced by several different modes of programmed
cardiac stimulation performed serially in an anesthetized,
closed chest state. In this report, we discuss several char-
acteristics of these electrically induced ventricular arrhyth-
mias. including their relation to postmyocardial infarction
hemodynamic. angiographic and pathologic findings.
0735- 1097/85/$3.30
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Methods
Experimental preparation. Thirty-four mongrel dogs,
weighing 15 to 25 kg, were anesthetized with intravenous
pentobarbital (15 mg/kg) and intravenous methohexital (5
mg/kg). Each dog was mechanically ventilated with 100%
oxygen, and surgery was performed using sterile technique.
An intravenous bolus of methohexital , 25 mg. was given
every (0 to 15 minutes during the course of surgery. The
heart was exposed through a left lateral thoracotomy in the
fifth intercostal space and suspended in a pericardialcradle.
The anterior wall and apex of the left ventriclewereexposed
and the left anterior descending coronary artery was ligated
immediately distal to the first septal perforating branch,
along with the most distal portions of all visible epicardial
branches near the left ventricular apical area originating
from the left circumflex and posterior descending coronary
arteries. This resulted in a visibly well demarcated antero-
apical myocardial infarction. Two Teflon-coated stainless
steel O-Flexon surgical sutures (epicardial pacing.elec-
trodes) were secured onto the left ventricular epicardium,
ensuring contact with a 0.5 cm long exposed segment of
myocardium, at sites 1.5 to 2.0 em away from the visually
identifiedanterolateral border of the left ventricular infarct.
The epicardial sites of attachment of the two wires which
constituted an epicardial bipolarelectrode were 0.5 em apart.
Another pair of epicardial electrodes were sutured onto the
free wall of the right ventricle. The pericardium was sutured
closed loosely, and the thoracotomy was closed with a chest
tube in place. The labeledright and left ventricularepicardial
electrodes were tunneled subcutaneouslyand exteriorized at
the back of the neck. The dogs were then extubated and
received periodic injections of meperidine (1.5 mg/kg) for
analgesia during the recovery period.
Twelve control dogs underwent a sham operation during
which the pericardium was opened, and without creating a
myocardial infarction, pacing electrodes were sutured onto
the left and right ventricular epicardium using the same
technique as just described.
StUdy animals. Eight of the 34 dogs died within 24
hours of experimental myocardial infarction and their post-
mortem examination showed no findings, other than the
recently performed coronary artery ligation, which further
clarified the mode of death. In contrast to the dogs with
myocardial infarction. all dogs in the sham-operatedcontrol
group survived operation (p < 0.05). Three other dogs in
the postmyocardial infarctiongroup died from complications
caused by anesthesia during the first electrophysiologic study
before they underwent prograriuned cardiac stimulation. Three
of the remaining 23 dogs in this group and 2 in the control
group were excluded from the study when unreliable ven-
tricular capture through the indwelling epicardial pacing
electrodes made it impossible to perform serial programmed
cardiac stimulation. The remaining 20 dogs with myocardial
infarction and 10 control dogs underwent serial electro-
physiologic studies.
Serial closed chest electrophysiologic studies. The first,
second, thirdand fourth closedchest e1ectrophysiologic studies
were performed (mean ± SO) 6.5 ± 1.0, 14.5 ± 1.5,
27.0 ± 2.0 and 40.0 ± 2.0 days. respectively. after the
experimental myocardial infarction. Because of the possible
requirement of more than one external defibrillation during
each electrophysiologic study, all closed chest studies were
conducted under light general anesthesia with methohexital,
initially 5 rng/kg intravenously, with a I to 2 mg/kg incre-
mental bolus as required during the electrophysiologic study.
All dogs breathed room air spontaneously through an en-
dotracheal tube. Arterial blood samples, obtained percuta-
neously through the femoral artery during the closed chest
studies showed the mean (± SO) arterial partial pressure of
oxygen (Po.), partial pressure of carbon dioxide (Pco-) and
pH to be 82 ± 6 and 42 ± 8 mm Hg and 7.37 ± 0.04,
respectively, and the mean plasma potassium concentration
to be 3.4 ± 0.3 mEq/liter in dogs in the postmyocardial
infarction group. The corresponding mean values for the
control group were 85 ± 7 and 43 ± 6 mm Hg, 7.36 ±
0.04 and 3.3 ± 0.3 mEg/liter.
Programmed ventricular stimulation was performed us-
ing the indwelling epicardiai pacing electrodes. Twelve
lead electrocardiograms were recorded during sinus rhythm
and during electrically induced sustained ventricular tachy-
cardia if tolerated hemodynamically. Limb leads 1. II and
precordial lead VI of the surface electrocardiogram were
displayed simultaneously with one of the local epicardial
electrograms on a multichannel recorder and oscilloscope
(Electronics for Medicine VR-16). Bipolar left and right
ventricular stimulation was performed using rectangular pulses
with a duration of 2 ms at twice diastolic threshold using a
programmable electronic stimulator (Model 1831, Wop In-
struments). Programmedsingle, double and triple preinature
ventricular stimuli were delivered during sinus rhythm and
fixed-rate ventricular pacing at basic drive cycle lengths of
280, 300, 350 and. whenever possible. 400 ms. Finally,
rapid ventricular pacing using trains of four to eight ven-
tricular stimuli at twice diastolic threshold were delivered
asynchronously during sinus rhythm in every dog, by way
of each pait of epicardial electrodes, at progressively de-
creasing cycle lengthsuntil failureof I : I ventricularcapture
or the initiation of sustained ventricular tachycardia or ven-
tricular fibrillation occurred. All of these different modes
of programmed cardiac stimulation were performed in each
dog during each e1ectrophysiologic study.
All but seven episodes of sustained monomorphic ven-
tricular tachycardia could be terminated by ventricular pac-
ing and capture using cycle lengths shorter than that of the
ventriculartachycardia (Fig. I). During the remainingseven
episodes, overdrive pacing resulted in the acceleration of
the rate of ventricular tachycardia, necessitating termination
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Figure 1. A. Sustained monomorphic ven-
tricular tachycardia (VT) at a cycle length
(CL) of 165 ms initiated by two programmed
premature ventricular stimuli (S2S3) during
fixed rate ventricular pacing (SI) in a dog in
the postinfarction group. The ventricular
tachycardia is terminated 30 seconds after its
initiation (> 180 beats) by rapid ventricular
pacing (RVP). B. Another episode of ven-
tricular tachycardia equivalent in configura-
tion and cycle length to that in A in the same
animal and using the same mode of pro-
grammed cardiac stimulation during the same
electrophysiologic study. ECG = electro-
cardiographic; NSR = normal sinus rhythm.
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by direct current countershock (50 to 1501) using a Hewlett-
Packard 78028 defibrillator. In these seven cases and in all
cases of electrically induced ventricular fibrillation tenni-
nated by countershock, artificial ventilation using an Ambu
bag was manually administered to the animals immediately
after the countershock. A minimum of 30 minutes was al-
lowed after the countershock before the stimulation protocol
was resumed at a time when the surface electrocardiogram
and the left and right ventricular effective refractory periods
had returned to their baseline state.
Left heart catheterization. Twenty postinfarction ani-
mals and lOin the sham-operated control group that survived
to complete all four serial electrophysiologic studies under-
went left heart catheterization and left ventriculography im-
mediately after the last electrophysiologic study, under the
same conditions of general anesthesia present during pro-
grammed cardiac stimulation. The systemic arterial pressure
at the aortic root and the left ventricular pressure were mea-
sured with the use of a 7F polyurethane angiographic cath-
eter (Cordis Ducor). Contrast left ventriculography was per-
formed in the 30° right anterior oblique position using
diatrizoate (Renografin), 1.5 cc/kg. The left ventricularejec-
tion fraction was calculated by the angiographic volume
analysis method of Sandler and Dodge (15).
Postmortem studies. The dogs were killed immediately
after cardiac catheterization. The heart was excised and
washed with saline solution and the left ventricle was di-
vided into 0.5 ern thick transverse sections progressing from
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the base to the apex and then processed with trichlorophenyl
tetrazolium chloride (16). The areas of the infarcted myo-
cardium on both sides of each section were determined by
planimetry. The weight of the infarcted myocardium in each
transverse section was calculated separately using the av-
erage of the two values obtained from the two surfaces, and
the size of the total myocardial infarct was expressed as an
absolute mass (in grams) of infarcted tissue as well as the
percent of total left ventricular mass. The myocardium at
the site of epicardial pacing electrodes was examined grossly
to assess the extent and the depth of myocardial fibrosis.
Definitions. The response to programmed cardiac stim-
ulation was defined as ventricular tachycardia when the last
stimulated beat was followed by at least five consecutive
ventricular complexes. Sustained monomorphic ventricular
tachycardia was defined as ventricular tachycardia with a
cycle length of greater than 120 ms lasting for at least 100
beats without any spontaneous change in rate, in surface
electrocardiographic frontal axis and surface electrocardio-
graphic QRS complex configuration classified as left or right
bundle branch block type or indeterminate configuration.
Ventricular tachycardia consisting of at least 5 beats and
reverting spontaneously to sinus rhythm after less than 100
consecutive beats was termed nonsustained ventricular
tachycardia. Nonsustained ventricular tachycardia was con-
sidered polymorphic when it also manifested beat by beat
changes in cycle length, frontal axis and QRS complex
configuration. No dog had induced monomorphic ventric-
ular tachycardia lasting for less than 100 consecutive beats
or polymorphic ventricular tachycardia lasting for more than
100 consecutive beats. Two different episodes of mono-
morphic ventricular tachycardia in the same dog were con-
sidered to be "morphologically equivalent" if the 12 lead
surface electrocardiographic patterns manifested the same
bundle branch block configuration and if the frontal QRS
axes did not differ by more than 200 • Ventricular fibrillation
was defined as a ventricular tachyarrhythmia that did not
manifest a uniform surface electrocardiographic configu-
ration with clearly identifiable, discrete QRS complexes,
during which the maximal cycle length never exceeded 120
ms. Cycle length was determined using the local bipolar
electrograms recorded with the epicardial electrodes not being
used for cardiac stimulation.
The induction rate of a ventricular arrhythmia by a par-
ticular mode of programmed cardiac sitmulation was de-
fined as the percent of the animals with this arrhythmia in
response to this mode of programmed cardiac stimulation.
An induced ventricular arrhythmia was considered to be
specific for dogs in the postinfarction group if the incidence
of this induced arrhythmia in this group was significantly
higher than the incidence observed in control dogs. Thus,
in this report the term "specificity" was used in a different
sense from the frequently used clinical term based on the
correlation between the induced and the spontaneously oc-
curring clinical arrhythmias. An electrically inducible ven-
tricular arrhythmia was defined as "immediately" repro-
ducible if it could be initiated by programmed cardiac
stimulation performed on at least two different occasions
30 to 60 minutes apart during the same electrophysiologic
study (Fig. I).
Statistical methods. Standard deviations are expressed
whenever appropriate. Fisher's exact probability test (two-
tailed) was used to compare the incidence of inducible ven-
tricular tachyarrhythmias in dogs in the postmyocardial in-
farction and control groups. In comparing the sham-operated
versus the postmyocardial infarction group for each of three
types of electrically induced ventricular arrhythmias, since
three distinct comparisons were made, the results were con-
sidered significant when probability was less than 0.05/3 =
0.017 by the Bonferroni method (17). This method is ap-
propriate because it yields more accurate results when mul-
tiple simultaneous comparisons or simultaneous inferences
about the members of some family of hypotheses are made
as was the case in our study (17). Stepwise logistic regres-
sion analysis was used to examine the relations among the
hemodynamic, angiographic, pathologic and e1ectrophysi-
ologic findings and the different types of electrically induced
ventricular tachyarrhythmias.
Results
In 20 dogs in the postmyocardial infarction group and
10 control dogs that underwent a sham operation, the mean
(± SO) right ventricular diastolic threshold increased from
1.6 ± 0.6 rnA measured during the first electrophysiologic
study to 3.5 ± 0.8 rnA measured during the last electro-
physiologic study. The corresponding values for the left
ventricular diastolic threshold were 2.4 ± 0.8 and 4.9 ±
1.4 rnA, respectively. There was no significant difference
in the mean diastolic threshold values between the two groups
of dogs. The mean (± SO) right and left ventricular effec-
tive refractory periods measured during the first electro-
physiologic study in the dogs in the postmyocardial infarc-
tion group were 145 ± 12 and 149 ± 10 ms, respectively,
and increased over the following 6 weeks to the correspond-
ing values of 154 ± 16 and 159 ± 14 ms, measured during
the last electrophysiologic study. Right and left ventricular
effective refractory periods in the control dogs measured
during the first study were 142 ± 10 and 146 ± 9 ms,
respectively, and similarly increased to 152 ± 13 and 157
± II ms over the course of 6 weeks.
Reproducibility of electrically induced ventricular ar-
rhythmias (Fig. 2). The immediate reproducibility of each
type of electrically induced ventricular arrhythmia during
the same electrophysiologic study (see Definitions) was a
function of the mode of programmed cardiac stimulation.
The percent reproducibility shown in Figure 2A was cal-
culated by pooling the immediately reproducible responses
to a given mode of programmed cardiac stimulation during
lACC Vol. 5, No.5
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WEEKS POST MI
monomorphic ventricular tachycardia, when three extra-
stimuli were used during ventricular pacing to initiate the
arrhythmia (Fig. 2A). The immediate reproducibility of in-
duction during the same electrophysiologic study was also
a function of the age of the myocardial infarction, peaking
at I()()% for sustained monomorphic ventricular tachycardia
after the first 2 weeks after myocardial infarction (Fig. 28).
The values displayed in Figure 28 were obtained by pooling
together the immediate reproducibility of the response to all
the different modes of stimulation in a given week. In con-
trast to sustained monomorphic ventricular tachycardia, the
immediate reproducibility of the induced nonsustained poly-
morphic ventricular tachycardia and of the induced ventric-
ular fibrillation decreased slightly as the age of the myo-
cardial infarct increased.
Specificity and temporal evolution of electrically in-
duced ventricular arrhythmias (Tables 1 and 2). The
specificity (see Definitions) of the electrically induced ven-
tricular fibrillation and the electrically induced nonsustained
polymorphic ventricular tachycardia was lowest for rapid
ventricular pacing that resulted in up to 40% false positive
results in control animals. 8y contrast, the specificity of
sustained monomorphic ventricular tachycardia was high,
the induction rate in the control group being 0% at all times
for all modes of programmed cardiac stimulation (Table I).
When all four studies in all dogs were pooled together (a
total of 40 studies in the control group and 80 studies in the
postmyocardial infarction group), the incidence of sustained
monomorphic ventricular tachycardia in the control animals
was 0% (0 of 40) regardless of the mode of cardiac stim-
ulation. When multiple extrastimuli were used, the inci-
dence of sustained monomorphic ventricular tachycardia in
the postmyocardial infarction group was significantly higher
as compared with the 0% incidence in control dogs (Table
2); this arrhythmia was initiated by two extrastimuli during
ventricular pacing in 20% (16 of 80), by three extrastimuli
during ventricular pacing in 46% (37 of 80) and by rapid
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all the studies performed I, 2, 4 and 6 weeks after the
experimental myocardial infarction. The immediate repro-
ducibility was at a maximum. peaking at 95% for sustained
Figure 2. A, Reproducibility of electrically induced ventricular
arrhythmias expressed as a function of four different modes of
programmed cardiac stimulation (PCS) during all electrophysio-
logic studies pooled together. B, Changes in the reproducibility
of theelectrically induced ventricular arrhythmias as a function of
time after myocardial infarction (MI) including all modes of pro-
grammed cardiac stimulation used to initiate these arrhythmias.
NSPVT = nonsustained polymorphic ventricular tachycardia;
RVP = rapid ventricular pacing; SR = sinus rhythm; SUMVT
= sustained monomorphic ventricular tachycardia; VF = ven-
tricular fibrillation; VP = ventricular pacing; other abbreviations
as in Figure I.
Table l. Induction Rate of Ventricular Arrhythmias by Different Modes of Programmed Cardiac Stimulation I, 2, 4 and 6 Weeks
After a Sham Operation in Control Dogs
I Week 2 Weeks 4 Weeks 6 Weeks
Mode of NSPVT VF SUMVT NSPVT VF SUMVT NSPVT VF SUMVT NSPVT VF SUMVT
Stimulation (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (% )
SR-S2 0 0 0 0 0 0 0 0 0 0 0 0
SR-S2S, 0 0 0 0 0 0 0 0 0 0 0 0
SR-S2S,S4 10 0 0 0 0 0 10 0 0 10 0 0
VP-S2 0 0 0 0 0 0 0 0 0 0 0 0
VP-S2S, 10 0 0 0 0 0 0 0 0 0 0 0
VP-S2S.,S4 30 10 0 20 0 0 10 0 0 10 0 0
RVP 40 30 () 30 20 0 30 20 0 40 20 0
The total percent of dogs manifesting an arrhythmia is not the sum of the percent in a column since different modes of programmed cardiac stimulation
frequently initiated the same arrhythmias in the same dog. NSPVT = nonsustained polymorphic ventricular tachycardia; RVP = rapid ventricular pacing;
S2S3S4 = first, second and third programmed premature stimuli, respectively; SR = sinus rhythm; SUMVT = sustained monomorphic ventricular
tachycardia; VF = ventricular fibrillation; VP = ventricular pacing.
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Table 2. Induction Rate of Ventricular Arrhythmias by Different Modes of Programmed Cardiac Stimulation I, 2, 4 and 6 Weeks
After Experimental Myocardial Infarction in 20 Animals
I Week 2 Weeks 4 Weeks 6 Weeks
Mode of NSPVT VI' SUMVT NSPVT VI' SUMVT NSPVT VI' SUMVT NSPVT VI' SUMVT
Stimulation (%) (% ) (% ) (% ) (% ) (%) (%) (%) (%) (% ) (% ) (% )
SR-Sz 0 0 0 0 0 0 0 0 0 0 0 0
SR-SzS.,S. 10 0 0 0 0 0 0 0 0 0 0 0
SR-SzS,S. 15 5 5 10 5 5 10 0 5 10 0 5
VP-Sz 5 0 5 0 0 0 0 0 0 0 0 0
VP-SzS ., 30 0 25 30 0 25 30 0 15 30 0 15
VP-SzS,S. 20 15 50 40 15 45 25 0 45 20 20 45
RVP 35 35 30 40 40 30 35 35 25 35 40 20
Abbreviations as in Table I.
ventricular pacing in 24% (19 of 80) of the total number of
electrophysiologic studies (p < 0 .003, P < 0.0001 and
p < 0.001, respectively). In contrast to sustained mono-
morphic ventricular tachycardia, when all four studies in all
dogs were similarly pooled together, the incidence of ven-
tricular fibrillation or nonsustained polymorphic ventricular
tachycardia was not significantly higher in the postmyocar-
dial infarction group compared with the control group re-
gardless of the mode of programmed cardiac stimulation.
Thus, when the age of the myocardial infarct was not taken
into consideration. the latter arrhythmias were not specific
postinfarction arrhythmias.
Role of infarct age . However, the postmfarction speci -
ficity of an electrically induced ventricular arrhythmia might
be influenced by the age of the myocardial infarct as well
as the mode of cardiac stimulation . Thus, if only the results
obtained after the first week were analyzed (the last 30
studies in 10 control dogs and the last 60 studies in 20 dogs
in the postinfarction group), the incidence of ventricular
fibrillation initiated by three extrastimuli during ventricular
pacing in dogs studied postmyocardial infarction (II of 60)
(Table 2) was significantly higher (p < 0 .015) than the 0%
(0 of 30) incidence of ventricular fibrillation in response to
the same mode of programmed cardiac stimulation in the
control group (Table I) . A similarly significant difference
in the incidence of ventricular fibrillation was not observed ,
however, when rapid ventricular pacing was used as the
mode of programmed cardiac stimulation at any time after
experimental myocardial infarction . In contrast to this time-
and mode-dependence of the specificity of the electrically
induced ventricular fibrillation, the induced nonsustained
polymorphic ventricular tachycardia was not a specific post-
infarction arrhythmia regardless of the mode of programmed
cardiac stimulation used and the age of the myocardial in-
farct during the first 6 weeks .
Week by week reproducibility. The week by week re-
producibility of the response to programmed cardiac stim-
ulation (from one electrophysiologic study to the next, in-
stead of during the same study) was high when the results
of rapid ventricular pacing were excluded. Thus, with all
other modes of programmed ventricular stimulation, 9 of
the 10 animals having sustained monomorphic ventricular
tachycardia during the first study had the same response I
week later (90% reproducibility). During the subsequent
stud ies, all nine animals had induced sustained mono-
morphic ventricular tachycardia, with 100% reproducibility
from the second to the sixth week. When rapid ventricular
pacing was similarly excluded, the week by week repro-
ducibility of the negative respon se to programmed ventric -
ular stimulation (no ventricular arrhythmias) was 100%, and
that of nonsustained polymorphic ventricular tachycardia
was 90%. The week by week reproducibility of the induced
ventricular fibrillation was not assessed because very few
animals had this response when the results of rapid ven-
tricular stimulation were excluded . In contrast to the other
modes of programmed cardiac stimulation, when the result s
of rapid ventricular pacing were analyzed, the response to
this mode of programmed ventricular stimulation was re-
producible from one study to the next in only 50% of the
animals.
Characteristics of electrically induced ventricular
arrhythmias. Left versus right ventricular stimula-
tion . The initiation of sustained monomorphic ventricular
tachycardia in dogs in the postmyocardial infarction group
was influenced by the site of stimulation . Sustained ven-
tricular tachycardia was initiated only from the left ventric-
ular site in five dogs, only from the right ventricular site in
two dogs and from the right ventricular site as well as from
the left ventricular sites in the remaining three dogs. Pro-
grammed cardiac stimulation initiated ventricular fibrillation
only from the left ventricular site of stimulation in four dogs
and only from the right ventricular site in three dogs. In the
remaining 7 of 14 dogs (sham-operated and postmyocardial
infarction) manifesting electrically induced ventricular fi-
brillation at any time, this arrhythmia was induced from the
right as well as from the left ventricular site. Stepwise lo-
gistic regression analysis failed to show a relation between
the ventricular effective refractory periods measured at the
JACC Vol. 5. No.5
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sites of stimulation and any of the different types of ven-
tricular arrhythmias initiated by programmed cardiac stim-
ulation (Table 3).
Extrastimulation versus rapid pacing mode of induc-
tion. Ventricular tachycardias initiated by two or three ex-
trastimuli during different electrophysiologic studies in the
same animal were morphologically equivalent (see Defini-
tions) and the cycle lengths differed by 30 ms at most (Fig.
3). In contrast, when rapid ventricular pacing was the mode
of induction, sustained monomorphic ventricular tachycar-
dia I week after myocardial infarction and the sustained
ventriculartachycardia inducedduring the subsequentweeks
were not morphologically equivalent in three of the six dogs,
and the ventricular tachycardia cycle lengths differed by up
to 70 rns.
Spontaneous ventricular tachycardia (Fig. 4). In 2 of
the 10 dogs in the postmyocardial infarction group that had
electrically induced sustained monomorphic ventricular
tachycardia, episodes of spontaneous ventricular tachycar-
dia were also observed during the first electrophysiologic
study. The surface electrocardiographic configuration of the
spoHtaneous ventricular tachycardia was not morphologi-
cally equivalent to that of the induced ventricular tachy-
cardia, and the cycle lengths differed by 70 and 80 ms. The
episodes of spontaneous ventricular tachycardia terminated
spontaneously without gradual deceleration and, unlike
electrically induced sustained monomorphic ventricular
tachycardia, ventricular pacing which captured the ventri-
des during the spontaneous ventricular tachycardia failed
to terminate it, although its cycle was reset by ventricular
capture.
Ventricular fibrillation (Fig. 5). Stepwise logistic
regression analysis revealed no association between the in-
cidence of electrically induced sustained monomorphic ven-
tricular tachycardia and the incidence of other forms of
electrically induced ventricular arrhythmia in dogs in the
postmyocardial infarction group, but did show that the
animals with inducible ventricular fibrillation were more
likelyto have induciblenonsustained ventriculartachycardia
as comparedwithdogs in whichventricularfibrillation could
not be induced (p < 0.0l). The length of polymorphic
nonsustained ventricular tachycardia varied from 5 to 37
beats, and the cycle lengths varied from I IO to 190 ms. In
animals that had both nonsustainedpolymorphic ventricular
tachycardia and ventricular fibrillation, the mode of induc-
tion and the coupling intervals used to initiate these ar-
rhythmias were the same or differed by 30 ms at the most.
Furthermore, the initial polymorphic ventricular beats ob-
served before transformation to ventricular fibrillation were
similar in surface electrocardiographic configuration to
polymorphic nonsustained ventricular tachycardia.
Hemodynamic and angiographic variables, scar size
and induced ventricular arrhythmias (Table 3, Fig.
6). Table 3 demonstrates the incidence of three different
Table 3. Hemodynamic and Angiographic Data From Cardiac Catheterization, Myocardial Infarct Size by Postmortem Examination.
Electrophysiologic Variables and Induced Arrhythmias During the Last (6 wk) Electrophysiologic Study
Absolute Induced Yentricular Arrhythmias
MAP LYEDP LYEDY LYEI' MI Size ERP-RY ERp·LY
Case (mm Hg) (mm Hg) (cc) (%) (gl NSPYT VI' SUMYT (ms) (ms)
I 83 3 64 52 6.2 160 170
2 93 4 58 41 12.7 + 130 130
3 95 7 41 38 94 140 150
4 85 6 67 46 13.5 + + + 170 170
5 83 5 38 54 35 160 160
6 93 8 52 38 124 + 140 150
7 100 6 58 42 11.7 + + + 150 150
8 98 6 49 37 11.4 + + 160 170
9 95 II 45 45 7.6 150 160
10 98 14 56 40 109 + + + 130 140
II 82 10 65 46 13.6 + 180 180
12 85 7 45 34 9.6 150 160
13 93 4 49 48 6.3 + + 150 \40
14 90 12 63 45 8.1 + + 170 160
15 90 9 60 33 172 + + 140 150
16 93 12 62 50 6.2 190 200
17 88 4 50 40 10. I + 150 150
18 80 14 69 44 14.5 + + 140 150
19 88 8 50 47 98 + 160 160
20 90 4 57 58 5.1 + + 160 170
Note that the modes of initiation are not specified. ERP-L Y = effective refractory period of the left ventricle; ERP-R Y = effective refractory period
of the right ventricle; LYEDP = left ventricular end-diastolic pressure; LYEDY = left ventricular end-diastolic volume; LYEI' = left ventricular ejection
fraction; MAP = mean arterial pressure; other abbreviations as in Table I.
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Figure 3. Two different episodes of
sustained ventricular tachycardia (YT),
each initiated in the same animal I
week (A) and 2 weeks (B) after ex-
perimentalmyocardial infarction (MI)
using the same mode of programmed
cardiac stimulation with slightly dif-
ferent coupling intervals. Note the
similarity in surface electrocardio-
graphic (ECG) configuration between
the two episodes of ventricular tachy-
cardia in the three available leads; the
cycle lengths(CL) of the two episodes
of ventricular tachycardia are 20 ms
apart. Spontaneousventricularectopic
activity (YEA) is present during the
first study (A). NSR = normal sinus
rhythm.
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types of electrically induced ventricular arrhythmias ob-
served during the last electrophysiologic study without spec-
ifying the mode of induction and the hemodynamic and the
angiographic data measured after this last electrophysiologic
study in 20 postmyocardial infarction animals. Only the
results of the last electrophysiologic studies were used for
this analysis since they were the only ones performed in
close temporal proximity to the cardiac catheterization.
Stepwise logistic regression analysis resulted in a model that
described the probability of inducing sustained mono-
morphic ventricular tachycardia given the hemodynamic,
angiographic and electrophysiologic variables included in
Table 3. Of these variables, only the myocardial infarct size
and left ventricular ejection fraction were selected into the
model as significant predictors of sustained monomorphic
ventricular tachycardia. The p value at which myocardial
infarct size was selected was less than 0.005 using the pro-
gram BMDPLR (18). In contrast to sustained monomorphic
ventricular tachycardia, the presence of electrically indu-
cible nonsustained polymorphic ventricular tachycardia or
ventricular fibrillation was not predicted by any of the herno-
dynamic, pathologic or angiographic variables. The range
of left ventricular ejection fraction (33 to 68%) and that of
myocardial infarct size (0 to 17.2 g) in dogs with electrically
inducible ventricular fibrillation were wider than the cor-
responding ranges (33 to 47%; 9.8 to 17.2 g) in dogs with
electrically induced sustained monomorphic ventricular
tachycardia (Fig. 6). The left ventricular ejection fraction
in the sham-operated control dogs ranged from 60 to 74%.
Pathologic findings (Table 3, Fig. 6). In each dog,
there was a definite correlation between infarct size and
corresponding left ventricular ejection fraction. In each case,
the myocardial infarct was confluent and transmural with a
sharply demarcated border and the pacing site was located
1.8 to 3.2 ern away from the nearest point of the myocardial
infarction border. There was patchy fibrosis confined to an
area no larger than 5 x 5 mm and extending no more than
2 mm deep to the epicardial surface underneath the epicar-
dial pacing electrodes in every dog in both the postmyo-
cardial infarction and control groups. Apart from this lim-
ited area of fibrosis, the dogs in the sham-operated group
had no left ventricular scar.
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but conflicting results have been reported by different in-
vestigators (1-3). The disagreement among studies may
result partly from the lack of a standard approach. The
optimal timing for such postinfarction studies and the car-
diac stimulation protocol to be used have not been defined
clearly. Using serial studies over the 6 weeks encompassing
the convalescent phase of myocardial infarction, our study
attempted to determine the evolution of the response elicited
by different modes of programmed electrical stimulation and
the characteristics of the electrically induced ventricular ar-
rhythmias during this period. Our results demonstrated that
electrically induced sustained monomorphic ventricular
tachycardia was an arrhythmia specific for the postmyocar-
dial infarction state and was never encountered in control
animals, regardless of the mode of programmed cardiac
stimulation and the age of the myocardial infarct in our
canine model. This arrhythmia was inducible in up to 50%
of the postmyocardial infarction animals depending on the
timing and mode of programmed cardiac stimulation, and
its initiation in response to two or three programmed ex-
trastimuli during ventricular pacing was highly reproduci-
ble. Large myocardial infarct size or low left ventricular
ejection fraction predisposed the canine hearts to this elec-
trically inducible arrhythmia.
Reproducibility and the specificity of electrically in-
duced ventricular arrhythmias. Several characteristics
should be sought for before an electrically induced postin-
farction ventricular arrhythmia is considered an ideal end
point on which to base prognostic assessment or possible
therapy. One such characteristic is the reproducibility of the
arrhythmia during the electrophysiologic study. The diffi-
culties associated with the assessment of the reproducibility
of poorly tolerated ventricular tachycardia or ventricular
fibrillation in the clinical setting are obvious, whereas the
reproducibility can be tested more rigorously in an animal
model. Our results showed that the reproducibility of elec-
trically induced postmyocardial infarction ventricular ar-
rhythmias might be a function not only of the age of the
myocardial infarction, but also of the particular mode of
programmed cardiac stimulation (Fig. 2). Although the ex-
act reason for the lower reproducibility of the response to
burst pacing is not known, it may partly be explained by
the asynchronous nature of the stimuli and the variable num-
ber of stimuli capturing the ventricle from one trial to the
next. The difficulties involved in quantitative comparisons
between different animal models are obvious, and the actual
reproducibility values associated with these modes of pro-
grammed cardiac stimulation are likely to be different in
different experimental settings. However. the general prin-
ciple is that post infarction ventricular arrhythmias should
be assessed using modes of programmed cardiac stimulation
associated with the highest immediate reproducibility of
response.
VT (CL ~ 160 rnsec)
VT (CL ~ 240 rnsec)
5,5 ,5,5,j j j I
NSR
NSR
II ""'-IVo'''A.'''' IIIII'IIl,.,,'
II
RVP
(CL ~ 200 msec)
VT I VT5, 5, 5, 5, 5, 5,
( CL ~ 240 msec) t ttl I t
1IIIIIIIII'II,'IIIIIIIIIIIII!IIIIIIIIII!IIIIIIIIII!II!1IIIIIIil
U
100 msec
Discussion
Programmed cardiac stimulation has been used in patients
recovering from acute myocardial infarction to identify a
subgroup at high risk for sudden ventricular arrhythmias,
Figure 4. Top and middle panels, Spontaneous ventricular tachy-
cardia (VT) observed in a dog I week after experimental myo-
cardial infarction. Rapid ventricular pacing (RVP) using a cycle
length (CL) 40 ms shorter than the cycle length of the ventricular
tachycardia results in ventricular capture and resets the ventricular
tachycardia cycle but docs not terminate it. Lower panel, Sus-
tained ventricular tachycardia initiated by rapid ventricular pacing
during normal sinus rhythm (NSR) in the same animal. Note the
differences in configuration and cycle length between the spon-
taneous and induced ventricular tachycardia.
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Figure 5. A, A IO beat episode of
nonsustained polymorphic ventricular
tachycardia (VT) initiated by two pro-
grammed premature ventricular stim-
uli (S2S3) during ventricular pacing (SI)
in a dog in the postmyocardial infarc-
tion group. B, Initiation of ventricular
fibrillation(VF) in response to the same
stimulation technique in the same dog
during the same electrophysiologic
study. Note the similarity in electro-
cardiographic (ECG) configuration re-
corded in leads I, II and V I during the
first three unstimulated beats (included
under the brackets) of the ventricular
tachycardia that reverts to normal si-
nus rhythm (NSR) (A) and of the
tachycardia that transforms to ventric-
ular fibrillation (B).
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Another important characteristic of an electrically in-
duced ventricular arrhythmia is its specificity in relation to
myocardial infarction, that is, its absence or low incidence
in control animals that do not have myocardial infarction.
This concept of specificity has been used in previous animal
studies (19) and is different from the clinical meaning of
specificity. which is usually based on the correlation be-
tween the induced and spontaneously occurring ventricular
arrhythmias. Electrically induced sustained monomorphic
ventricular tachycardia could be regarded as highly specific
for the postmyocardial infarction state in our model because
regardless of the mode of programmed cardiac stimulation,
this arrhythmia was not induced at any time in any of the
sham-operated animals. For ventricular fibrillation, the issue
of specificity appeared to be more complex and a function
of the mode of cardiac stimulation used to initiate the ar-
rhythmia as well as of the age of the myocardial infarct.
Thus. in general, both the design of the stimulation pro-
tocol and the timing of the programmed cardiac stimulation
may be major determinants of which ventricular arrhythmias
Figure 6. Myocardial infarct (MI) size measured postmortem plot-
ted against left ventricular ejection fraction (LV EF) measured dur-
ing cardiac catheterization. Note that no dog with myocardial in-
farct size less than 9.8 g or with an ejection fraction greater than
48% had electrically induced sustained monomorphic ventricular
tachycardia (SUMVT). In contrast, myocardial infarct size and
left ventricular ejection fraction ranges in dogs with electrically
inducible ventricular fibrillation (VF) are wider.
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should be considered specific for the postinfarction state
and, therefore, reasonable end points in a postinfarction
electrophysiologic study. The optimal time for performing
programmed cardiac stimulation after myocardial infarction
may reasonably be chosen as the time when the reproduc-
ibility is maximized while using modes of programmed car-
diac stimulation associated with highspecificity. Inour model,
this could be achieved by allowing 2 weeks after myocardial
infarction before programmed cardiac stimulation was per-
formed when sustained monomorphic ventricular tachycar-
dia was the end point. For ventricular fibrillation, however,
this might be more complex because reproducibility of this
induced arrhythmia decreased slightly with the age of the
infarct, whereas the specificity increased.
Mechanism of ventricular arrhythmias. Reentry.
Despite the absence in our model of multiple endocardial
and epicardial recordings necessary to perform a detailed
analysis of the underlying mechanisms, certain electro-
physiologic observations during electrically induced sus-
tained monomorphic ventricular tachycardia suggested a
reentrant mechanism. Among these were the reproducibility
of induction using the same mode of programmed cardiac
stimulation with comparable coupling intervals (Fig. I) and
the effect of ventricular stimuli capturing the ventricles dur-
ing ventricular tachycardia, which resulted either in ter-
mination or acceleration of the ventricular tachycardia. In
contrast, spontaneous postinfarction ventricular tachycardia
could never be terminated or accelerated by overdrive ven-
tricular pacing although the tachycardia cycle length could
be reset, observations that support an automatic mechanism.
Role of infarct size and ejection fraction. Our data are
in agreement with the recently published results of Gang et
al. (13), who demonstrated in their canine model that a large
infarct size predisposed to electrically inducible sustained
ventricular tachycardia. Despite the differences between our
studies. their reported 45% incidence of inducible sustained
ventricular tachycardia is remarkably close to the incidence
of inducible sustained ventricular tachycardia observed in
our model. The basis for the correlation between the pres-
ence of inducible sustained ventricular tachycardia and a
large myocardial infarct size (and low left ventricular ejec-
tion fraction) is not known. Our catheterization data showed
that none of the other hemodynamic variables measured
(such as the systemic arterial pressure and left ventricular
end-diastolic volume or pressure) independently predicted
the presence of sustained ventricular tachycardia. This sug-
gests that the hemodynamic changes secondary to a large
myocardial infarct were not the factors causing the increased
incidenceof electrically inducedsustained ventriculartachy-
cardia. Although the formation of the electrophysiologic
milieu necessary for the initiation and maintenance of sus-
tained monomorphic ventricular tachycardia appears to re-
quire the presence of a large myocardial infarct, any attempt
to correlate the myocardial infarct size and the actual size
of the pathways involved in the mechanism of the electri-
cally induced ventricular tachycardia remains entirely
speculative.
Role of site of stimulation and rime of study. The site of
stimulation might also be a critical factor in the initiation
of ventricular tachycardia (10, II), and it might be possible
to initiate sustained ventricular tachycardia in a greater per-
cent of animals with a relatively large myocardial infarct or
even with a moderate-sized infarct if programmed ventric-
ular stimulation were carried out from multiple sites in ad-
dition to the two preselected sites used in our study. Finally,
in our model the formation of the electrophysiologic sub-
strate necessary for reproducible inductionof sustained ven-
tricular tachycardia did not require the completion of the
healing process since this substrate became established early
during the course of the first week in 50% of the animals,
with reproducible initiation of the morphologically equiv-
alent ventricular tachycardia during the subsequent weeks
in the same animals. Exactly when during the first week
after the myocardial infarction this substrate gets established
as a reproducible finding during the subsequent weeks, and
how long beyond the sixth week it continues to exist are
important questions that cannot be answered by our data.
Role ofelectrophysiologic testing protocol. Our findings
are in agreement with the previous studies (14,19,20) which
showed that ventricular fibrillation could be induced by pro-
grammed ventricular stimulation in the noninfarcted canine
heart. The high incidence of induced ventricular fibrillation
in hearts without a myocardial infarct might be related to
secondary circulatory changes (for example. increased plasma
catecholamine levels) in the models using open chest prep-
arations(21). Our findingsare consistent withthoseof Hamer
et al. (20), who showed that in closed chest animals without
myocardial infarction, ventricular fibrillation was rare in
response to two or three extrastimuli unless current strengh
was relatively high, and became a more common finding at
any current strength when four extrastimuli were used. Al-
though it appears that under general anesthesia, ventricular
fibrillation can be induced in normal canine myocardium by
three or more extrastimuli, it is not known whether less
stressful modes of programmed stimulation can induce ven-
tricular fibrillation in conscious animals. Barbiturate anes-
thesia has been shown to exert a protective effect against
ventricular fibrillation (22), and given the relatively small
number of animals studied. such an antifibrillatory effect of
barbiturate anesthesia could mask a significant difference in
the incidence of induced ventricular fibrillation between the
animals in the postinfarction state and the control animals
that otherwise might be present in the conscious state. Re-
gardless of the possible hormonal and pharmacologic fac-
tors, it is clear from previous studies as well as from our
results that unlike sustained monomorphicventricular tachy-
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cardia, the electrophysiologic substrate underlying ventric-
ular fibrillation does not necessarily involve a large infarct.
Clinical implications. This study represents an attempt
to investigate the feasibility and limitations of using pro-
grammed cardiac stimulation during the healing phase of
myocardial infarction in a canine model. Although the tech-
niques of programmed cardiac stimulation used to initiate
the ventricular arrhythmias observed in our model were
similar to the techniques that are currently used clinically,
our results in this animal model cannot and should not be
generalized to the electrophysiology of healing clinical myo-
cardial infarction. This caution, however, should not detract
from the validity of the general points emphasized in our
study demonstrating that the reproducibility and specificity
of postmyocardial infarction ventricular arrhythmias in-
duced by programmed cardiac stimulation may depend on
multiple factors, including the age of the myocardial infarct
and the stimulation protocol used to induce arrhythmias. In
different animal models as well as in the clinical setting
before electrically induced postinfarction ventricular ar-
rhythmias can be interpreted as reliable predictors of the
subsequent arrhythmias or as possible end points to guide
antiarrhythmic therapy, their reproducibility and specificity
should be critically evaluated.
We are greatly indebted to Peggy Betts and John Sharpie for their assistance
in the electrophysiology laboratory and to Beverly Rich and Ellen DiBiase
for secretarial assistance in preparing the manuscript.
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